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Abstract 
Iron (Fe) plays a key role in elemental cycling at terrestrial–aquatic interfaces by stabilizing carbon (C), 
phosphorus (P), and nutrient cations through physicochemical associations and by potentially releasing 
these elements following the reduction of Fe(III) to Fe(II). However, the ecosystem-scale importance of Fe 
redox cycling and its responses to climate change remain unclear in precipitation-fed peatlands (bogs), C-
rich wetlands with very low mineral content. We tested impacts of Fe redox cycling on C and nutrient 
release in two bogs in northern Minnesota and in Spruce and Peatland Responses Under Changing 
Environments (SPRUCE), an ecosystem-scale warming experiment. Concentrations of Fe(III) declined 
from the peat surface to 50 cm depth (31 to 0.5 µmol g−1) and co-occurred with Fe(II) (10 to 30 µmol 
g−1). Chemical reduction of Fe(III) released C and P from variably saturated (0–30 cm) peat (106–1006 
µmol C g−1; 0.6–5 µmol P g−1), and Fe-bound C was similar to previous measurements from upland 
mineral soils. Concentrations of Fe(II) and dissolved organic carbon (DOC) were strongly (R2 = 0.56–0.78) 
and positively correlated in water samples measured at SPRUCE enclosure outlets and ambient near-
surface porewater. Concentrations of Fe(II) also correlated positively with P at warmer SPRUCE 
temperature treatments and increased with experimental warming, but stabilized at the highest 
temperature treatments as water depth declined. Although bogs have low total mineral content, mass 
balance measurements indicated that atmospheric deposition could in principle sustain significant Fe 
cycling and hydrologic losses in these ecosystems. Overall, Fe redox cycling significantly impacted C and 
nutrient dynamics in these mineral-poor bogs, contributing to strong correlations between Fe(II) and DOC 
in water samples. Increased Fe(III) reduction with warmer temperatures will likely promote peatland C and 
nutrient release, impacting ecosystem C budgets both directly and indirectly by enhancing decomposition 
and productivity. 
Keywords 
Bog, DOC, Iron, Marcell Experimental Forest, Mineral-associated carbon, Phosphorus, Redox 
Disciplines 
Biogeochemistry | Ecology and Evolutionary Biology | Soil Science | Terrestrial and Aquatic Ecology 
Comments 
This article is published as Curtinrich, H.J., Sebestyen, S.D., Griffiths, N.A. et al. Warming Stimulates Iron-
Mediated Carbon and Nutrient Cycling in Mineral-Poor Peatlands. Ecosystems (2021). doi:10.1007/
s10021-021-00639-3. 
This article is available at Iowa State University Digital Repository: https://lib.dr.iastate.edu/eeob_ag_pubs/463 
Warming Stimulates Iron-Mediated
Carbon and Nutrient Cycling
in Mineral-Poor Peatlands
Holly J. Curtinrich,1 Stephen D. Sebestyen,2 Natalie A. Griffiths,3 and
Steven J. Hall1*
1Department of Ecology, Evolution, and Organismal Biology, Iowa State University, Ames, Iowa, USA; 2Northern Research Station,
USDA Forest Service, Grand Rapids, Minnesota 55744, USA; 3Climate Change Science Institute and Environmental Sciences Division,
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
ABSTRACT
Iron (Fe) plays a key role in elemental cycling at
terrestrial–aquatic interfaces by stabilizing carbon
(C), phosphorus (P), and nutrient cations through
physicochemical associations and by potentially
releasing these elements following the reduction of
Fe(III) to Fe(II). However, the ecosystem-scale
importance of Fe redox cycling and its responses to
climate change remain unclear in precipitation-fed
peatlands (bogs), C-rich wetlands with very low
mineral content. We tested impacts of Fe redox
cycling on C and nutrient release in two bogs in
northern Minnesota and in Spruce and Peatland
Responses Under Changing Environments
(SPRUCE), an ecosystem-scale warming experi-
ment. Concentrations of Fe(III) declined from the
peat surface to 50 cm depth (31 to 0.5 lmol g-1)
and co-occurred with Fe(II) (10 to 30 lmol g-1).
Chemical reduction of Fe(III) released C and P from
variably saturated (0–30 cm) peat (106–1006 lmol
C g-1; 0.6–5 lmol P g-1), and Fe-bound C was
similar to previous measurements from upland
mineral soils. Concentrations of Fe(II) and dis-
solved organic carbon (DOC) were strongly
(R2 = 0.56–0.78) and positively correlated in water
samples measured at SPRUCE enclosure outlets
and ambient near-surface porewater. Concentra-
tions of Fe(II) also correlated positively with P at
warmer SPRUCE temperature treatments and in-
creased with experimental warming, but stabilized
at the highest temperature treatments as water
depth declined. Although bogs have low total
mineral content, mass balance measurements
indicated that atmospheric deposition could in
principle sustain significant Fe cycling and hydro-
logic losses in these ecosystems. Overall, Fe redox
cycling significantly impacted C and nutrient
dynamics in these mineral-poor bogs, contributing
to strong correlations between Fe(II) and DOC in
water samples. Increased Fe(III) reduction with
warmer temperatures will likely promote peatland
C and nutrient release, impacting ecosystem C
budgets both directly and indirectly by enhancing
decomposition and productivity.
Key words: Bog; DOC; Iron; Marcell Experimen-
tal Forest; Mineral-associated carbon; Phosphorus;
Redox.
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HIGHLIGHTS
 Iron mediates carbon and nutrient stabilization
and mobilization in mineral-poor peatlands.
 Temperature and soil moisture regulate iron
reduction (iron(III) to iron(II)).
 Iron(II) strongly correlates with dissolved organic
carbon in bog surface water.
INTRODUCTION
Iron (Fe) interacts with carbon (C) and nutrients in
soil and water via multiple functional roles
(McKnight and Bencala 1990; Kleber and others
2015; Chen and others 2020). Iron-C associations
that stabilize C include physical interactions, such
as aggregation, and chemical bonding, such as
sorption and co-precipitation (Kleber and others
2015; Wagai and Mayer 2007; Zhao and others
2016). However, changes in Fe redox state can also
cause C loss. Reduction of Fe(III) to Fe(II) in anoxic
environments sustains microbial respiration while
also potentially releasing Fe-bound C, which may
be leached or decomposed (Thompson and others
2006; Pan and others 2016; Chen and others 2020).
Similarly, while Fe can sorb and limit phosphorus
(P) availability, P may be released when Fe(III) is
reduced (Chacon and others 2006). Cations such as
calcium (Ca), potassium (K), and magnesium (Mg)
may also be associated with Fe-bound organic
matter and released following Fe(III) reduction
(Hall and Huang 2017). However, Fe-C-nutrient
interactions have been primarily studied in mineral
soils, and the importance of Fe as a biogeochemical
driver in mineral-poor peatlands remains unclear.
Peatland Fe concentrations may vary along a
hydrologic continuum from groundwater-fed fens
to precipitation-fed bogs. In fens, Fe concentrations
can be high enough that Fe is an important ter-
minal electron acceptor under anoxic conditions
(Küsel and others 2008) and can protect C via co-
precipitation under oxic conditions (Riedel and
others 2013). In contrast, raised bogs are typically
isolated from a groundwater source and have lower
peat Fe than fens (Urban and others 2011; Herndon
and others 2019). Iron(III) reduction was therefore
thought to have a minor influence on C mineral-
ization in bogs (Blodau and others 2002; Keller and
Bridgham 2007), where solid-phase organic matter
may provide a much larger microbial electron sink
(Keller and Takagi 2013). Furthermore, some
Fe(III) may be unavailable for microbial reduction
due to complexation with soil organic matter (Se-
nesi and others 1977). However, even small
amounts of Fe might still have significant impacts
on other aspects of C and nutrient cycling, such as
dissolved organic carbon (DOC) or P availability.
For instance, Fe can limit P availability in both bogs
and fens (Herndon and others 2019), where P is
often a limiting nutrient (Bridgham and others
1996; Hill and others 2014). Additionally, because
DOC leaching is typically a large C flux in peatlands
relative to net ecosystem exchange (Griffiths and
others 2017), impacts of a small Fe pool on DOC
retention in the solid phase versus release to the
aqueous phase may be ecologically important.
Bogs have temporally dynamic water tables that
may drive seasonal redox fluctuations that dissolve
and precipitate Fe along with C and nutrients.
Water levels in surface peat fluctuate on seasonal
and annual scales (Sebestyen and others 2011a;
Griffiths and others 2019), leading to variable
oxygen (O2) availability. Iron can coprecipitate
with DOC at redox interfaces when anoxic pore-
water is oxidized (Riedel and others 2013). These
coprecipitates may dissolve if Fe(III) is reduced
when the soil becomes anoxic again (Thompson
and others 2006; Pan and others 2016; Chen and
others 2020). If Fe reduction and oxidation are
important controls on peatland DOC release, we
would expect correlations between Fe and DOC in
water samples from peatland catchments. Else-
where, positive correlations between Fe and DOC
have been observed in water from streams and
lakes (Neal and others 2008; Knorr 2013; Oni and
others 2013; Weyhenmeyer and others 2014), and
porewater from freshwater estuaries (Chin and
others 1998) and fens (Knorr 2013), among other
ecosystems. However, multiple mechanisms could
explain these relationships, and it is possible that Fe
might be a ‘‘passenger’’ as well as a driver of DOC
loss. Iron(III) could be stabilized in solution by DOC
through complexation (Blazevic and others 2016)
or bound to C as microparticulate Fe(III) (Neal and
others 2008). Iron and DOC could both be
responding to another driver, such as pH change
due to decreasing sulfur deposition (Neal and oth-
ers 2008; Björnerås and others 2017). Finally,
Fe(II) may be protected from oxidation by com-
plexation with DOC (Theis and Singer 1974;
Daugherty and others 2017) and thus co-trans-
ported with DOC. Measurements of Fe redox state
in water samples could provide further mechanistic
insight into relationships between Fe and DOC, or
the lack thereof (for example, Ekström and others
2016).
In peatlands, it is also uncertain how changes in
temperature or moisture expected under future
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climates may influence coupled Fe-C-nutrient
dynamics. Laboratory experiments indicate that
warming increases Fe(III) reduction (Yao and
Conrad 2000; Meier and others 2005; Schilling and
others 2019), but we are not aware of experiments
testing the temperature sensitivity of Fe(III)
reduction at ecosystem scale. Temperature and
water depth may interactively control Fe(III)
reduction in peatlands. High water levels limit dif-
fusion of O2 into surface peat, but may not lead to
microbial O2 consumption and Fe(III) reduction
when temperature is low. Conversely, elevated
temperatures stimulate microbial activity but lead
to increased evapotranspiration and lower peatland
water levels (Hanson and others 2020a), poten-
tially limiting Fe(III) reduction. The interactive ef-
fects of water level and temperature on Fe(III)
reduction could impact retention or loss of C and
nutrients in peatlands and other wetland ecosys-
tems.
Here, we asked whether Fe influences C and
nutrient cycling, and how temperature and mois-
ture affect these processes, using measurements
from two bogs in the Marcell Experimental Forest,
MN (Kolka and others 2011) and the SPRUCE
ecosystem warming and CO2-enrichment experi-
ment (Hanson and others 2017). We hypothesized
that Fe(III) reduction leads to release of DOC and
soluble P in peat and catchment outflow. To test
this, we quantified Fe, Fe-bound C, and other ions
released by Fe(III) reduction in peat core extrac-
tions, and measured Fe(II), Fe(III), total organic
carbon (TOC), and major ions in surface water and
near-surface porewater samples. To parse out
multiple potential mechanisms contributing to Fe–
DOC relationships in catchment water samples, we
compared the correlation between DOC and Fe to
the correlation between DOC and other ions. If Fe
is primarily a passenger of DOC export due to
evaporative concentration or electrostatic interac-
tions, we expected that correlations between Fe
and DOC would be similar to those observed for
other cations and DOC in bulk water samples, and
that Fe(III) would be dominantly correlated with
DOC. However, if Fe is both a driver and a pas-
senger of DOC export, we expected that the rela-
tionship between Fe and DOC would differ from
other cations, and that Fe(II) would have a stronger
relationship with DOC than Fe(III). We also
hypothesized that Fe(II) concentrations in water
measured at the outlets of SPRUCE treatment
enclosures would increase with temperature, con-
tingent on saturated conditions.
METHODS
Site Description
Samples were collected from two boreal peat bogs,
denoted S1 and S2, that are about 1.5 km apart in
the Marcell Experimental Forest (near Grand Ra-
pids, MN, USA; 93.472 W, 47.504 N and 93.473
W, 47.514 N, respectively) (Sebestyen and others
2021b). From 1961 to 2019, mean annual precipi-
tation was 78.7 cm and mean annual temperature
was 3.6 C (Sebestyen and others 2021b). The S1
bog has an area of 8.1 ha, a maximum elevation of
430 m, and an outlet elevation of 412 m. The S2
bog has an area of 3.2 ha, a maximum elevation of
430 m, and an outlet elevation of 420 m (Sebes-
tyen and others 2011a). Both bogs are acidic, with
pH values near 4 (Griffiths and Sebestyen 2016;
Sebestyen and others 2021a), and ombrotrophic,
with precipitation as the dominant water source
(Verry 1975). Each bog is drained by an intermit-
tent stream (Sebestyen and others 2011a; Verry
and others 2011). Vegetation consists mostly of
black spruce (Picea mariana), Sphagnum moss, and
ericaceous shrubs (Sebestyen and others 2011a).
Trees in the S1 bog were experimentally felled in
1969 and 1974 with no effect on bog water table or
stream water yield (Sebestyen and others 2011b).
The S2 bog has been used as a reference peatland
for experiments at surrounding sites (Sebestyen
and others 2011a).
The S1 bog is the location of the SPRUCE
experiment, where above- and below-ground
warming and elevated CO2 treatments are applied
in a regression design to 12.8-m diameter open-top
enclosures (Hanson and others 2017). Five tem-
perature treatments, + 0 C, + 2.25 C, + 4.5 C,
+ 6.75 C, and + 9 C above ambient, were each
applied to two enclosures, and one of each tem-
perature level received elevated CO2 at + 500 ppm
above ambient (Hanson and others 2017). Peat
temperature profiles were measured at three zones
within each enclosure (Hanson and others 2016,
2017). Warming treatments achieved air and deep
peat temperature values very close to the targets
(Hanson and others 2017), so we used nominal
temperature values as predictors in statistical
analyses. We favored nominal temperatures due to
heterogeneity of measured soil moisture and tem-
perature and uncertainty about depths where
Fe(III) reduction occurred. However, we also report
mean 5 cm peat temperature measured in each
enclosure during the period of water sample col-
lection. The enclosures are hydrologically separated
by a below-ground wall (‘‘corral’’) to prevent water
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inflow from the surrounding peatland. Natural,
passive drainage of the enclosed space occurs via
two shallow lateral pipes, with drainage to a
reservoir where water is autosampled and volu-
metric water measurements are made (Sebestyen
and Griffiths 2016). Each enclosure and outflow is
conceptually analogous to a zero-order stream that
drains from an entire peatland (Sebestyen and
Griffiths 2016). Flow is intermittent, and largest
flows typically occur during spring snowmelt.
Peat Sampling and Analyses
We sampled two peat cores from each bog in
September 2017 with a stainless-steel Russian corer
(5 cm diameter; Eijelkamp Agrisearch Eqiupment,
Giesbeek, The Netherlands). Cores from the S1 bog
were sampled outside of SPRUCE enclosures. Cores
were taken from the hollow surface to 2 m depth
and divided in increments of 10 cm for the first
50 cm and 25 cm thereafter. Samples were sealed
in polyethylene bags, kept on ice until arrival at the
field laboratory, and maintained at - 20 C until
analysis. Thawed samples were homogenized in-
side the bags, and subsamples (still at field moisture
content) were immediately subjected to several
chemical extractions and moisture and pH mea-
surements. Gravimetric moisture content was
determined by drying about 10 g at 100 C for
more than 48 h, and pH was measured by placing
an electrode into an approximately 5 g aliquot of
each field-moist sample (Table S2).
Concentrations of Fe(II) and Fe(III) were quan-
tified in 0.5 M hydrochloric acid (HCl) extractions
with an approximate ratio of 1:30 dry mass
equivalent to solution, hereafter defined as
Fe(II)HCl and Fe(III)HCl, respectively. Samples were
vortexed for 1 min, shaken at 120 rpm for one h on
a rotary shaker, and centrifuged at 10,000 g for
10 min. The supernatant was removed by pipette
and stored in the dark at 4 C. The Fe(II)HCl and
Fe(III)HCl were colorimetrically measured using a
ferrozine method which is robust to high concen-
trations of co-occurring DOC (Huang and Hall
2017b). This method has long been used to mea-
sure redox-sensitive Fe pools in sediment and soil:
the low pH of 0.5 M HCl inhibits Fe(II) oxidation
and extracts dissolved and sorbed Fe(II) and Fe(III),
along with a highly reactive fraction of Fe(III) solid
phases (Lovley and Phillips 1987). The 0.5 M HCl
extraction also may release Fe(II)-bearing phases
such as siderite and magnetite (Chen and others
2018), but these were not likely present (Herndon
and others 2019). Peat often contains reduced or-
ganic moieties (‘‘humics’’) that can transfer elec-
trons to Fe(III) (Keller and Takagi 2013). This
process is favored as pH decreases, likely due to
increased Fe(III) solubility or shifts in the potentials
of the humic and Fe redox couples (Chen and
others 2003). Therefore, the low pH of the 0.5 M
HCl extraction might cause additional chemical
Fe(III) reduction coupled to humic oxidation.
However, 0.5 M HCl-extractable Fe(III) persists
even in anoxic soils rich in soluble polyphenolics
(Hall and others 2014; Chen and others 2020),
indicating that the extraction per se does not nec-
essarily reduce Fe(III) to Fe(II). In any case, the
0.5 M HCl extraction represents a conservative
metric of Fe(III) that is vulnerable to dissimilatory
reduction (Lovley and Phillips 1987).
Additional field-moist peat subsamples were ex-
tracted with 0.05 M sodium dithionite in a ratio of
1:180 dry mass equivalent to solution. This
extraction reduces Fe(III) to Fe(II), releasing C that
was directly or indirectly associated with Fe(III). In
principle, dithionite solubilizes the entire Fe(III)
pool, unless it is shielded from reductive dissolution
by other minerals or organics (Senesi and others
1977). Samples were vortexed for 1 min, shaken
for 16 h, and centrifuged for 10 min at 20,000 g.
The supernatant was removed and residues were
further extracted with 0.05 M HCl to dissolve any
Fe that may have precipitated with sulfides (Wagai
and Mayer 2007). Separate subsamples were ex-
tracted with 0.05 M sodium sulfate to account for
any organic C released following ion exchange with
sulfate, the oxidation product of dithionite (Wagai
and Mayer 2007). We also measured Fe in the
sulfate extractions, interpreted as the soluble or
weakly exchangeable Fe pool. The dithionite and
sodium sulfate extractions were conducted in
parallel on replicate subsamples, not sequentially,
due to the difficulty of completely removing the
solution without removing the peat. The dithion-
ite and sulfate extractions were acidified to
approximately pH 2 with HCl to inhibit microbial
activity before storage at 4 C. The Fe in these
extractions was measured with ferrozine as de-
scribed above, denoted as Fed+HCl and Fes,
respectively. We calculated Fed+HCl as the sum of
Fe in the dithionite and the subsequent HCl
extraction after accounting for Fe remaining in the
residual supernatant.
The DOC in the dithionite and sulfate extractions
was determined by wet oxidation following Huang
and Hall (2017a). Solutions were combined with
powdered potassium persulfate as an oxidant,
acidified with phosphoric acid, and sealed in gas-
tight vials. Samples were bubbled with CO2-free air
to remove dissolved inorganic carbon and head-
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space CO2 and heated to 102 C on a block heater
to oxidize DOC to CO2, which was measured by
injection into a tunable diode laser (Campbell
Scientific TGA200A, Logan UT). We refer to DOC
measured in the dithionite and sulfate reactions
as DOCd and DOCs, respectively, and Fe-associ-
ated C is calculated as their difference (Wagai and
Mayer 2007). We expressed Fe and DOC on a
volume basis using bulk density data from cores
sampled previously in the S1 bog (Iversen and
others 2014). We measured Ca, Mg, Fe, K, P, and
aluminum (Al) in the dithionite + HCl, dithionite,
and sulfate extractions with inductively coupled
plasma optical emission spectrometry (ICP-OES;
PerkinElmer Optima 5300 DV, Waltham, MA).
Iron was measured by ICP-OES to further vali-
date the colorimetric method used in the other
analyses.
Water Sample Collection/Analysis
Water samples were collected periodically from
October 2016 to November 2018 at the outflows of
the SPRUCE enclosures (n = 55–70 per enclosure)
and from September 2016 to October 2018 in near-
surface porewater (0–10 cm) of the S2 bog at three
different sampling sites, KF45, KF45A, and KF5A
(n = 31–69 per site). The KF45 and KF45A sites
were located near the bog center and KF5A was at
the southern boundary. The Fe(II) and total Fe in
these samples were measured with ferrozine as
described above. We calculated Fe(III) as the dif-
ference between total Fe and Fe(II), which gave
small negative values for several samples with ex-
tremely low Fe(III). We defined the absolute value
of these negative numbers as a conservative
detection limit for Fe(III) (1.2 lM) and set positive
Fe(III) values within this range to zero. Total or-
ganic C (TOC) was analyzed by wet combustion to
CO2 (Shimadzu VCP, Columbia, MD); TOC is
equivalent to DOC in this ecosystem (Sebestyen
and others 2020a) and will hereafter be referred to
as DOC. Soluble reactive phosphorus (SRP) was
measured using the antimony-molybdate method
on a Lachat QuickChem 8000, sulfate and chloride
were measured using ion chromatography (with
suppressed conductivity detection) on a Thermo
Scientific Dionex ICS-2100, and Ca and Na were
measured using inductively coupled plasma optical
emission spectrometry (ICP-OES) on a Thermo
Elemental ICP-OES Icap 7600 Duo. The water
sample data for the S2 bog, the SPRUCE outflows,
and the peat data used in this paper have been
published separately (Sebestyen and others 2021b,
2021c, Curtinrich and others 2021).
Mass Balance of Fe
The average outflow of Fe (yield, g m-2 y-1) over
2017 and 2018 from the SPRUCE enclosures was
estimated based on total Fe concentrations
(Fe(II) + Fe(III)) and water discharge data
(Table S1). Iron concentrations were linearly
interpolated between measurement dates. Peat Fe
stocks were calculated from mean Fed+HCl mass
concentrations and S1 bulk density values (Iversen
and others 2014). Iron residence time was calcu-
lated as Fe stock divided by Fe yield from each
enclosure.
Data Analysis
We assessed pairwise relationships between DOC
and ions using linear regression with interaction
terms to test for differences among SPRUCE nom-
inal temperature treatments and S2 sampling
locations. We used SPRUCE enclosure as a random
effect to account for autocorrelations among mea-
surements from a given enclosure. To account for
nonlinear trends in response variables, we fit gen-
eralized additive mixed models (GAMMs) using the
gamm function in the mgcv package in R (Wood
2006), with enclosure as a random effect. As
GAMM predictors, we separately used nominal
temperature treatments and the empirically mea-
sured mean 5 cm peat temperature for each
enclosure (Hanson and others 2016). We also tes-
ted the significance of CO2 treatment as a cate-
gorical predictor. Additionally, we applied GAMMs
to assess temporal trends in SPRUCE Fe(II) with
5 cm peat temperature (Hanson and others 2016)
and water table elevation (Hanson and others
2020b) with and without interaction; optimum
models were selected by comparing Akaike’s
Information Criterion (AIC) values. Water depth
was normalized to mean hollow elevation (Hanson
and others 2020b). To test for presence of signifi-
cant Fe-associated C or differences between pools,
we used paired t tests at each depth. Each indi-
vidual core was used as replicate as cores showed
similar trends. All analyses were done using R
version 3.5.3 and a = 0.05.
RESULTS
Peat Profile Chemical Composition
Extractable Fe showed relatively consistent trends
with depth among the four peat cores from the two
bogs. Mass concentrations of Fed+HCl and FeHCl
tended to be greatest at the surface and declined
with depth but exhibited a secondary maximum at
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150–175 cm (Figure 1A; Table S2). The concen-
tration of Fe(II)HCl was significantly greater than
Fe(III)HCl for most depths (P < 0.05), except 0–
20 cm, where they were equivalent. The concen-
tration of Fe(III)HCl was greatest at 0–10 cm
(19.3 ± 4.1 lmol g-1, mean ± SE), below which
Fe(III)HCl concentrations decreased (0–
12.1 lmol g-1) but were still significantly greater
than zero for depths 20–125 cm and 150–175 cm
(P < 0.05; Figure 1A). In contrast, Fe(II)HCl tended
to be highest at 20–30 cm, as well as deeper in the
profile (150–175 cm). Concentrations of Fed+HCl
were significantly greater than FeHCl at the surface
(0–10 cm; P < 0.05) but were similar throughout
the rest of the profile (Table S2). Concentrations of
Fes were significantly smaller than Fed+HCl
(P < 0.01) and FeHCl (P < 0.05) but were still
significantly greater than zero at all depths except
for 150–175 cm (P < 0.05). Trends of Fe with
depth were slightly different when calculated on a
volume vs. mass basis (Figures 1A, S1a). On a
volume basis, Fed+HCl was lower at the surface and
peaked at 30–40 cm and 175–200 cm (Figure S1a).
Mean volumetric Fe(II)HCl peaked at 30–40 cm and
150–175 cm, compared to 20–30 cm when mea-
sured on a mass basis. The volumetric trends of
Fe(III)HCl and Fes were similar to those on a mass
basis, except the peak of Fe(III)HCl at the surface
was less pronounced.
The difference in DOC concentrations between
the dithionite (DOCd) and sulfate extractions
(DOCs) reflects Fe-associated C released to solution
following reductive dissolution of any Fe(III). The
mean Fe-associated C concentration was greatest at
0–10 cm (633 ± 151 lmol g-1) and declined with
depth to 73 ± 15 lmol g-1 at 50–75 cm and
64 ± 9.2 lmol g-1 at 175–200 cm (Figure 1C).
Although Fe-associated C was lower at depth,
DOCd was significantly greater than DOCs at all
depths (P < 0.05) except for 75–100 cm and 125–
150 cm, where they were equivalent (Figure 1B).
On a volume basis, mean DOCd was greatest near
30–40 cm (Figure S1b). Mean Fe-associated C was
29.6 ± 7.1 lmol cm-3 at the surface but increased
slightly to 32.2 ± 5.8 lmol cm-3 at 30–40 cm be-
fore decreasing with depth (Figure S1c).
Concentrations of P, Mg, K, Fe, Ca, and Al in
dithionite + HCl, dithionite, and sulfate extractions
showed different trends with depth (Figure 2).
Concentrations of Pd+HCl and Pd were significantly
greater than Ps at 0–30 cm (P < 0.05; Figures 2E,
S2c) and were similar below 30 cm. Overall, all
three extractions of P, Mg, and K were higher at the
surface and decreased to about 50 cm, below which
they remained consistent with depth (Figure 2).
Concentrations of Mgd+HCl were significantly
higher than Mgs for all depths except 100–125 cm
(P < 0.05; Figures 2B, S2b) and Mgd was signifi-
cantly higher than Mgs for all depths except 50–
75 cm and 100–125 cm (P < 0.05). Iron (Fed+HCl
and Fes) showed the same trends when measured
on the ICP (Figure 2B) as when measured colori-
metrically (Figure 1A). In contrast to the other
elements, Ca did not show a trend with depth for
any extraction. Concentrations of Cad+HCl were
significantly greater than Cas at 20–50 cm, 75–
100 cm, and 125–200 cm (P < 0.05; Figures 2A,
S2a). Also, in contrast to the other elements,
Ald+HCl and Ald concentrations steadily increased
with depth while Als remained consistently low.
Figure 1. Depth profiles of mean Fed+HCl, Fes, Fe(II)HCl, and Fe(III)HCl concentrations (A), mean DOCd and DOCs
concentrations (B), and mean Fe-associated C and Fe(III) phases (C) in peat collected from two bogs. We calculated Fe-
associated C as DOCd–DOCs and Fe(III) phases as Fed+HCl–Fe(II)HCl. Error bars show the standard error of the mean (n = 4).
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Relationships Between Ions and DOC
in Water Samples
Water samples from the SPRUCE enclosures and
the S2 bog showed strong linear correlations be-
tween Fe(II) and DOC (Figure 3A, C; regression
details are provided in Table 1 and are provided in
the figure captions for subsequent regressions). The
slope of the relationship between Fe(II) and DOC
did not vary among SPRUCE temperature treat-
ments (i.e., there was no significant slope x tem-
perature interaction; Figure 3A, Table 1). Similarly,
the slope of the relationship between Fe(II) and
DOC did not significantly differ among S2 bog
sampling sites (Figure 3C, Table 1). In contrast,
Fe(III) did not correlate with DOC in the SPRUCE
water samples (Figure S3a). Furthermore, there
was a negative relationship between Fe(III) and
DOC for two of the S2 sites (P < 0.05 and
P < 0.001) and an insignificant relationship for the
third site (Figure S3b).
Calcium also showed a positive linear relation-
ship with DOC in the SPRUCE enclosure outflow
samples and in the S2 bog porewater. In contrast to
Fe(II), however, the slope of the relationship be-
tween Ca and DOC strongly varied among SPRUCE
temperature treatments (P < 0.0001; Figure 3B,
Table 1) and between S2 sampling sites
(P < 0.0001; Figure 3D, Table 1). The slope of the
regression line between Ca (predictor variable) and
DOC (response variable) became steeper with
temperature until + 4.5 C and then became shal-
lower at the higher temperature treatments (Fig-
ure 3B, Table 1). Similar to Ca, the slope of the
relationship between Na and DOC also changed
among temperature treatments (P < 0.0001; Fig-
ure S4a). Most of the temperature treatments
showed a significant linear correlation between Na
and DOC, and the slope of the regression lines
became progressively steeper with higher temper-
ature (Figure S4a). There was also a significant
linear correlation between Na and DOC in the S2
bog which did not change between sampling sites
(Figure S4b). Chloride also showed a weak
(R2 = 0.09) but significant (P < 0.0001) positive
linear relationship with DOC in the SPRUCE
Figure 2. Depth profiles of mean Ca (A), Mg (B), Fe (C), K (D), P (E), and Al (F) concentrations in the dithionite + HCl,
dithionite, and sulfate extractions in peat collected from two bogs. The error bars show standard error of the mean (n = 4,
except Kd+HCl depths 88, 113, and 163 cm where n = 3). The Fe (B) shown here was measured on the ICP and used to
verify the colorimetric method (Figure 1).
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enclosure outflow samples which did not vary sig-
nificantly among SPRUCE temperature treatments
(Figure S5a). Chloride did not show a significant
correlation with DOC in the S2 bog samples (Fig-
ure S5b). Concentrations of sulfate in the SPRUCE
(2.3 ± 0.1 lmol L-1) and S2 (2.1 ± 0.1 lmol L-1)
samples were low compared to Fe and did not
correlate significantly with DOC (Figure S6a, b).
Relationships Between Fe and SRP
in Water Samples
Concentrations of SRP measured 3.5 ± 0.3 lmol
L-1 (mean ± SE) in the SPRUCE samples and
0.9 ± 0.1 lmol L-1 in the S2 samples. The rela-
tionship between SRP and Fe(II) shifted from a
negative correlation at ambient temperatures in S2
and an insignificant relationship at low SPRUCE
temperature treatments to a positive correlation at
higher SPRUCE temperatures (significant slope x
temperature interaction, P < 0.0001; Figure S7a,
b). The strongest relationship between Fe(II) and
SRP in the SPRUCE samples occurred in the +
6.75 C treatment (R2 = 0.32, P < 0.0001). We
found a weakly significant negative linear correla-
tion between Fe(II) and SRP in the S2 bog
(R2 = 0.07, P < 0.01; Figure S7b).
Figure 3. Pairwise relationships between TOC and Fe(II) in the water samples from the SPRUCE enclosure outflows (A)
and the S2 bog (C) and pairwise relationships between TOC and Ca in the water samples from the SPRUCE enclosure
outflows (B) and the S2 bog (D). Colors represent SPRUCE temperature
treatments + 0 C, + 2.25 C, + 4.5 C, + 6.75 C, + 9 C (A, B), and the black circles, diamonds, and squares represent
the S2 sites KF45, KF45A, and KF5A, respectively (C, D). The regression details for Figure 3 can be found in Table 1.
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Influence of Temperature Treatments
on SPRUCE Outflow Metal and DOC
Concentrations
Iron(II) concentrations in the SPRUCE outflow
water samples increased at higher temperature
treatments but started to plateau at + 6.75 C
(Figure 4A). This nonlinear trend approximated a
smooth function with 1.9 estimated degrees of
freedom (edf) in the GAMM (P < 0.0001). The
mean Fe(II) concentration at + 6.75 C
(46.0 ± 2.4 lmol L-1) was 67% higher than at +
0 C (27.5 ± 1.3 lmol L-1; Table S3). A similar
result was obtained when measured mean 5 cm
peat temperature values were used instead of the
nominal temperature treatments (P < 0.001; Fig-
ure S8). Conversely, temperature treatments did
not significantly affect outflow Fe(III) when as-
sessed by either metric (nominal temperature
treatment or measured peat temperature). Elevated
CO2 had an insignificant effect on Fe(II) in the
GAMM with nominal temperature treatments
and a small but significant negative effect of
Table 1. Summary Statistics for Figure 3 Regressions.
Site/treatment Equationa R2 P value F statistic Model Df Error Df
SPRUCE TOC = 92.3 (± 2.7) Fe(II) + 2534.1 (± 115.6) 0.78 < 0.0001 1157 1 324
SPRUCE + 0 TOC = 72.8 (± 6.7) Ca + 1840.9 (± 272.2) 0.63 < 0.0001 117 1 68
SPRUCE + 2.25 TOC = 96.3 (± 14.1) Ca + 1512.2 (± 632.5) 0.42 < 0.0001 47 1 65
SPRUCE + 4.5 TOC = 132.6 (± 9.2) Ca + 597.8 (± 405.3) 0.76 < 0.0001 209 1 65
SPRUCE + 6.75 TOC = 129.2 (± 6.3) Ca + 70.0 (± 345.4) 0.87 < 0.0001 425 1 65
SPRUCE + 9 TOC = 106.4 (± 7.1) Ca + 544.2 (± 451.0) 0.81 < 0.0001 227 1 53
S2 TOC = 105.4 (± 7.6) Fe(II) + 3497.9 (± 244.4) 0.56 < 0.0001 194 1 155
S2 KF45 TOC = 94.1 (± 4.4) Ca + 1916.0 (± 264.5) 0.89 < 0.0001 458 1 55
S2 KF45A TOC = 85.2 (± 2.5) Ca + 1312.0 (± 162.9) 0.97 < 0.0001 1122 1 29
S2 KF5A TOC = 58.9 (± 1.8) Ca + 988.2 (± 167.4) 0.94 < 0.0001 1031 1 66
aUnits for regression equations are all reported in lmol L-1.
Figure 4. Fe(II) (A) and TOC (B) concentrations in water samples from the SPRUCE enclosure outflows. The solid lines
represent the GAMMs with nominal temperature as the smoothing variable, and the dotted lines represent the standard
error of the smooth function. GAMM for Fe(II): R2 (adj) = 0.14, P < 0.0001, F = 19. 95, edf = 1.9, Ref df = 1.9 (A).
GAMM for TOC: R2 (adj) = 0.20, P < 0.0001, F = 31.5, edf = 1.7, Ref df = 1.7 (B).
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-6.1 ± 2.4 lmol L-1 (P < 0.05) on Fe(II) when
assessed using measured 5 cm peat temperature.
Outflow concentrations of DOC showed a similar
response to temperature treatment as Fe(II) except
they did not plateau as much at the highest tem-
perature treatment (Figure 4B). This nonlinear
trend of DOC was shown as a smooth function with
1.7 edf in the GAMM (P < 0.0001). The response
of outflow Ca concentrations to temperature
treatments differed from Fe(II); Ca remained simi-
lar among the + 0 C, + 2.25 C and + 4.5 C
treatments but increased at + 6.75 C and + 9 C
instead of plateauing. As with Fe(II), temperature
also had a significant nonlinear effect on the Fe(II)/
Ca molar ratio, estimated by a smooth function
with 1.9 edf (P < 0.01; Figure S9). The Fe(II)/Ca
molar ratio was greatest in the + 4.5 C treatment
and decreased at higher temperatures.
Temporal Trends and Drivers of Fe
in SPRUCE and S2
When plotted over time, Fe(II) in both the SPRUCE
samples and ambient S2 bog samples showed a
similar pattern of increasing concentrations in
spring and summer and decreasing concentrations
in fall (Figure 5A, B). The optimum GAMM for
temporal variation in SPRUCE Fe(II) included
measured 5 cm peat temperature, water table ele-
vation, and their interaction. Peat temperature and
water table elevation had significant nonlinear ef-
fects on SPRUCE Fe(II) which were represented as
smooth functions with an interaction (edf = 6.5,
P < 0.0001, R2 = 0.4). SPRUCE Fe(II) concentra-
tions were greatest when peat temperature and
water table elevation were both high (Figure 6).
The Fe yield from each of the SPRUCE enclosures
over 2017 and 2018 measured 0.5–1 g m-2 y-1
(Table S4). Total reactive Fe in the enclosures
measured 38 g m-2 from 0 to 30 cm (the acrotelm)
and 269 g m-2 from 30 to 200 cm (the catotelm). If
all Fe in the SPRUCE enclosure outflows came from
the top 30 cm of peat, the steady-state residence
time of Fe would be 39–82 y. If Fe in the SPRUCE
outflows came equally from 0 to 200 cm, the resi-
dence time of Fe in profile would be 318–661 y.
DISCUSSION
Our results show the biogeochemical importance of
Fe redox cycling in two predominantly precipita-
tion-fed bogs, ecosystems with low total mineral
content where redox-active metals have received
little attention (Herndon and others 2019). Peat
extractions showed the presence of substantial Fe-
associated C and nutrients, particularly in the top
50 cm, that were released to solution when Fe(III)
was reduced (Figure 1C). This release of C indicates
that Fe could be both protecting and/or regulating
the availability and losses of C and nutrients
through redox cycling. A tight coupling between Fe
and C was observed in water samples from the
SPRUCE enclosure outflows as well as in ambient
water samples from the nearby S2 bog (Figure 3A,
C, Table 1). Warming has long been thought to
increase peatland DOC loss by stimulating enzy-
matic depolymerization of organic matter (Free-
man and others 2001). Below, we present several
Figure 5. Fe(II) concentrations over time in the SPRUCE
enclosure outflows (A) and the S2 bog (B). The different
colored circles represent the SPRUCE temperature
treatments (A) and the black circles, diamonds, and
squares represent the S2 sites KF45, KF45A, and KF5A,
respectively (B). The gray line shows peat temperature at
5 cm depth in the + 0 C ambient CO2 SPRUCE
enclosure (A).
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lines of evidence indicating that the observed
Fe(II)/DOC correlations in these water samples also
partially reflect release of solid-phase C following
reductive dissolution of Fe(III). However, the
Fe(II)/DOC correlations also may imply that Fe was
a passenger of DOC efflux due to complexation of
Fe(II) by DOC. The strong response of Fe(II) to
temperature and water levels in the SPRUCE
treatments indicates the key role of these envi-
ronmental factors in controlling Fe-mediated C
cycling at the ecosystem scale (Figures 4A, 5, 6, and
S8). In addition to the strong relationships between
Fe and C, peat extractions and water samples
pointed to the importance of Fe redox cycling in
affecting P, Ca, and Mg availability.
Significant Fe and Fe-Associated C
in Precipitation-Fed Ecosystems
Iron-mediated C protection is important in many
mineral soils (Wagai and Mayer 2007; Kleber and
others 2015; Zhao and others 2016), but its
importance in mineral-poor peatlands remains
unclear. Previous studies suggested that Fe was not
a quantitatively important electron acceptor in
other precipitation-fed peatlands (Blodau and oth-
ers 2002; Keller and Bridgham 2007). At Marcell,
however, we found Fe and Fe(III)-bound C con-
centrations similar to many upland mineral soils.
The C that was chemically released from Fe(III)
(that is, DOCd—DOCs) in the top 20 cm of Marcell
peat (230–1006 lmol C g-1, mean = 482 lmol C
g-1) was similar to measurements at the same
depth from 14 disparate upland mineral forest soils
(0–1607 lmol C g-1, mean = 419 lmol C g-1;
calculated from the supplemental data of Zhao and
others 2016). This similarity in Fe(III)-bound C
occurred despite lower Fed+HCl in our samples
(29.9–73.0 lmol Fe g-1, mean = 42 lmol Fe g-1)
than in those forest soils (1.4–346 lmol Fe g-1,
mean = 76 lmol Fe g-1; Zhao and others 2016).
The mean Fe(III)-bound C in our samples (0–
20 cm) was also similar to 30 surface soil samples
from eight different soil orders measured in a sep-
arate study (0–1833 lmol g-1, mean = 509
lmol g-1; calculated from the supplemental mate-
rial of Wagai and Mayer 2007). Those 30 soil
samples also had much greater Fed+HCl than our
bog samples (21–3491 lmol Fe g-1, mean = 723
lmol Fe g-1; Wagai and Mayer 2007). This simi-
larity in Fe-associated C but lower Fe concentration
indicates a much greater molar C/Fe ratio of Fe-
associated C in our bog samples than in the soils of
Zhao and others (2016) and Wagai and Mayer
(2007). The higher Fe-associated C/Fe ratio in our
bog samples suggests co-precipitation of Fe–C
complexes, which can stabilize more C per mole Fe
than sorption on Fe(III) minerals (Kleber and oth-
ers 2015). Our Fe data build on findings by Hern-
don and others (2019), who analyzed Fe in 0–
20 cm peat from hollows in the same bogs that we
studied. Mössbauer spectroscopy showed that most
Fe was complexed with organic matter as Fe(II) or
Fe(III), and that a small pool of Fe-oxyhydroxides
was present (Herndon and others 2019). Given the
presence of biogeochemically relevant Fe concen-
trations in these organic soils, we considered what
Fe sources might sustain substantial rates of Fe
cycling and hydrologic losses.
The most plausible source of Fe to the bogs is dry
atmospheric deposition, whereas contributions
from groundwater and surface runoff are unlikely.
The S1 and S2 bogs receive water from precipita-
tion (Verry 1975), but dry deposition is a more
likely Fe source (Urban and others 1987). Eisen-
reich and others (1978) estimated average dry Fe
deposition of 0.49 g m-2 y-1 in northeast Min-
nesota. This is close to the average hydrologic Fe
loss from the S2 bog (mean = 0.2 g m-2 y-1 over
2008–2016; Sebestyen and others, unpublished
data) and from the SPRUCE enclosures ( 0.5 to
1 g m-2 y-1; Table S4). Bulk deposition of soluble
Fe was always below the detection limit of 0.05 mg
Fe L-1 (Sebestyen and others 2020b) such that Fe
Figure 6. SPRUCE outflow water Fe(II) concentrations
predicted by a GAMM with normalized water elevation
and peat temperature at 5 cm below the surface, plus
their interaction, as smoothing functions (R2 = 0.4,
P < 0.0001, F = 29.8, edf = 6.5, Ref df = 6.5). The
black contour lines and color gradient show Fe(II)
concentrations. Low concentrations of Fe(II) are shown
in dark red, and high concentrations of Fe(II) are shown
in light yellow.
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wet deposition was at most 0.04 g m-2 yr-1 from
2010 to 2019 (the product of 0.05 mg Fe L-1 and
annual precipitation; Sebestyen and others 2020c).
Uplands contribute little if any Fe to the bogs be-
cause under saturated conditions, subsurface water
from the uplands flows into a lagg (the interface
between the bog and upland mineral soils) and
then into the headwater stream, bypassing the bog
(Verry and others 2011). Groundwater exchange is
an unlikely source of Fe to the bogs because the S1
and S2 water levels are above regional groundwa-
ter by 1 and 7 m, respectively (Verry and Janssens
2011; Griffiths and Sebestyen 2016). This disparity
creates a hydraulic gradient that sustains slow,
deep seepage through the bottom of the bogs and
laggs (Verry and others 2011). Additionally, the
hydraulic conductivity of deep peat and silty clay
beneath the bog is low (Verry and others 2011).
Groundwater exchange might be possible over long
timescales as evidenced by higher pH and Ca con-
centrations in deep porewater of S1 bog peat, but
these differences could also represent a prior phase
of peat development (Griffiths and Sebestyen 2016;
Griffiths and others 2019).
Fe(III) Reduction as a Driver of the Fe–
DOC Relationship
Correlations between Fe and DOC have been ob-
served in many freshwaters (Chin and others 1998;
Neal and others 2008; Knorr 2013; Weyhenmeyer
and others 2014). However, such correlations have
not always been observed (Ekström and others
2016; Björnerås and others 2017) and multiple
possible mechanisms could contribute to Fe–C
relationships in water samples. We show via mul-
tiple lines of evidence that reduction of Fe(III) in
peat likely contributed to the strong observed cor-
relation (Figure 3A, C, Table 1) between Fe(II) and
DOC in the water samples from the SPRUCE
enclosure outlets and in the S2 near-surface pore-
water. We found a release of C as DOC when
Fe(III) was chemically reduced in our peat extrac-
tions (Figure 1B, C). This was consistent with
observations of increased DOC following Fe(III)
reduction in organic-rich mineral soils (Hagedorn
and others 2000), and with incubation studies that
found Fe(III) reduction led directly or indirectly to
DOC release (Thompson and others 2006; Pan and
others 2016). We also found a strong and consis-
tent positive correlation between Fe(II) and DOC in
water samples from the SPRUCE enclosure outlets
and S2 near-surface porewater (Figure 3A, C, Ta-
ble 1). Although many factors such as temperature,
enzyme activity, and C composition influence
peatland DOC release (Freeman and others 2001;
Riedel and others 2014), our results suggest that
Fe(III) reduction promoted at least part of the DOC
loss from the bogs and contributed to a positive
correlation between Fe(II) and DOC. As discussed
later, protective complexation of Fe(II) by DOC also
likely contributed to the correlation. Other poten-
tial mechanisms include evaporative concentration
of ions, organic matter decomposition, or non-
specific electrostatic interactions. However, our
data suggest that these other mechanisms are not
likely principal drivers of the observed relationship
between Fe and C.
Four arguments support the hypothesis that
Fe(III) reduction contributed to the observed cor-
relation between Fe(II) and DOC in water samples.
First, Fe(II) did not show the same response to
temperature treatments as the non-redox-active
cations, which we would expect in the case of non-
specific electrostatic interactions (i.e., if charge
balance alone controlled the cation/DOC relation-
ship) or evaporative concentration. There was a
weak positive correlation between Cl and DOC in
the SPRUCE water samples but not in the ambient
S2 samples (Figure S5), indicating that evaporative
concentration had only a minor influence on the
relationship between DOC and ions. The stronger
relationship between Na and DOC than Cl and
DOC suggests that electrostatic interactions con-
tributed to correlations between cations and DOC,
but differing relationships of regression slopes with
temperature among the different cations also sug-
gest that charge balance alone cannot explain the
Fe(II)/DOC relationship. Both Ca and Na were also
positively correlated with DOC in the water sam-
ples, but the slope of the correlation changed
among SPRUCE temperature treatments (Fig-
ures 3B and S4a). In contrast, the Fe(II)/DOC slope
did not significantly change among temperature
treatments (Figure 3A) despite greater evapotran-
spiration at higher temperature (Hanson and others
2020a). The difference between Fe(II) and Ca in
response to temperature was also demonstrated by
changes in Fe(II)/Ca molar ratios in SPRUCE out-
flow water samples among temperature treatments
(Figure S9). If Fe(II) responded in the same way as
Ca to increased temperature, their molar ratio
would be consistent among treatments. Second, we
found a spatial difference between the relationships
of Fe(II)/DOC and Ca/DOC. In the S2 bog near-
surface porewater samples, the correlation between
DOC and Ca varied among water sampling sites but
the correlation between DOC and Fe was similar
for the three sites (Figure 3C, D). This difference in
Ca/DOC slope by site could be due to variable dis-
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tances of bog sampling locations from the lagg,
which receives Ca-rich water from the uplands.
Third, elemental stoichiometry of the bog vegeta-
tion implies that increased decomposition at war-
mer temperatures cannot solely explain Fe/DOC
relationships. The average plant foliage tissue in the
S1 bog had a Ca/Fe molar ratio of 23 (Phillips and
others 2017), but the Ca/Fe molar ratio averaged
1.2 across the SPRUCE outflow samples. The in-
creased concentration of Fe in outflow samples
from the warmed enclosures was much higher than
it would be if it were strictly provided from litter
decomposition, in which case we would expect
similar Ca/Fe ratios in water samples and intact
biomass. Increased decomposition of surface peat
under warming treatments could in principle re-
lease soluble complexes of DOC and Fe(II) or DOC
and Ca, but again, this would not explain the dif-
fering responses of Fe(II) and Ca to temperature
(Figure S9). Fourth, we often observed a significant
release of Ca and Mg when Fe(III) was reduced in
the dithionite + HCl extractions (Figure 2), sug-
gesting that Fe(III) reduction released occluded
cations as well as DOC. That is, cations bound to
organic matter that was physically or chemically
associated with Fe may also have been released
when Fe(III) was reduced (Hall and Huang 2017).
Via release of occluded cations, the reduction of
Fe(III) could contribute at least partly to the cor-
relation between DOC and Ca.
In addition to these arguments, we can compare
C/Fe molar ratios from peat extractions and water
samples to estimate the proportion of DOC in
stream outflow that may have resulted from Fe(III)
reduction. The slope of the molar relationship be-
tween Fe-associated C and Fe(III) was 13 in peat
from 0 to 50 cm, the depth where Fe-associated C
was measurable (Figure S10). For comparison, the
mean molar ratio of Fe-associated C/Fe(III) of the
30 soil samples from Wagai and Mayer (2007) was
2.1 (calculated from their supplemental data). The
large differences in these ratios likely derive from
differences in DOC molecular composition and its
direct and indirect associations with Fe(III) in
peatlands vs. mineral soils. The slopes of the molar
relationship between DOC and Fe(II) in SPRUCE
water and S2 near-surface porewater were 92 and
105, respectively (Figure 3A, C). Comparing the
ratio of C/Fe released in the peat extractions (Fig-
ure S10) with the water samples indicates that
approximately 12–14% of C lost in stream or
enclosure outflow could directly result from Fe(III)
reduction. However, this estimate is conservative.
Iron reduction and oxidation cycling may also
contribute to additional DOC release indirectly
through pH changes (Grybos and others 2009), by
serving as an electron acceptor and enhancing
overall decomposition and C depolymerization
rates, and by producing reactive oxygen species
that depolymerize particulate C to DOC (Chen and
others 2020). These mechanisms likely further
contributed to the very tight coupling between
Fe(II) and DOC in water samples (R2 = 0.56–0.78)
beyond what could be directly explained by release
of Fe-bound C.
Fe as a Passenger in the Fe–DOC
Relationship
Although Fe(III) reduction likely contributed to the
strong correlation between Fe(II) and DOC, DOC
also likely facilitated Fe(II) export. DOC may
complex Fe(II) and slow the oxidation of Fe(II) to
Fe(III) (Theis and Singer 1974; Daugherty and
others 2017). Accordingly, Fe(II) can persist even
in oxygenated stream water, where it would
otherwise be expected to oxidize to Fe(III) (Gaffney
and others 2008), and Fe(II) associated with DOC
has been observed in oxygenated freshwater lakes
(von der Heyden and others 2014). This mecha-
nism is consistent with our findings that DOC
positively correlated with Fe(II) but not Fe(III)
(Figures 3A, C and S3) in variably oxygenated
water where Fe(II) would be expected to slowly
oxidize. However, these findings may be dependent
on the location of the sampling, as Fe(II) might
oxidize to Fe(III) farther downstream even when
complexed by DOC. Regardless of its ultimate fate,
Fe was dominantly exported from these peatlands
as Fe(II), perhaps due to protective complexation
by DOC, and thus, Fe was likely both a passenger as
well as a driver of DOC loss following Fe(III)
reduction.
Fe Reduction Releases SRP
In addition to DOC, Fe(III) reduction also released
small amounts of P, a limiting nutrient in bogs
(Bridgham and others 1996; Hill and others 2014).
There was a small net release of P following Fe(III)
chemical reduction in 0–30 cm peat (Figure 2E),
consistent with other recent work at the S1 and S2
bogs (Herndon and others 2019). The Fe-associated
P in 0–20 cm peat (3.0 ± 0.6 lmol g-1; Figures 2E
and S2) was smaller than reported by Herndon and
others (2019) (10 ± 0.2 lmol g-1 and
7 ± 1 lmol g-1 in peat hollows from the S1 and S2
bog, respectively, calculated from their supple-
mental material), but we used a more conservative
extraction method that accounted for ion-
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exchangeable P. Furthermore, we found that P was
not only associated with Fe, but that it was
increasingly released under elevated temperature.
We observed a positive correlation between SRP
and Fe(II) at warmer but not cooler SPRUCE tem-
perature treatments, and we found a negative
correlation in the S2 near-surface porewater (Fig-
ure S6a, b). The lack of positive correlation in the
latter treatments may reflect P limitation. Where P
is limiting, it may be quickly assimilated and
therefore was not present in the outflow water
samples. One explanation for the positive correla-
tion between SRP and Fe(II) at warmer tempera-
tures may be that P release exceeded immediate
biological uptake.
The Influence of Temperature and Water
Elevation on Fe(III) Reduction
Temporal variation in Fe(II) concentrations in wa-
ter samples could be predicted by temperature,
moisture, and their interaction (Figure 6). We
found a nonlinear response of Fe(II) concentration
to SPRUCE nominal temperature treatments (Fig-
ure 4A) suggesting that Fe(III) reduction initially
increased with temperature but eventually reached
a plateau. The plateau at the highest temperature
treatment was likely due to lower Fe(III) reduction
resulting from decreased soil moisture, as indicated
by the significant temperature x water depth
interaction in the GAMM (Figure 6). Our results
demonstrate the strong temperature sensitivity of
Fe(III) reduction under field conditions, building
on previous laboratory experiments (Yao and
Conrad 2000; Meier and others 2005; Schilling and
others 2019). Therefore, all else equal, we would
expect rising temperatures to increase Fe(III)
reduction and promote the hydrologic efflux of
Fe(II), DOC, and associated nutrients. However,
due to increased evapotranspiration and lower
water depths (Hanson and others 2020a), warmer
temperatures may ultimately suppress Fe(III)
reduction as peats become drier for longer dura-
tions. Water table levels may also affect Fe/DOC
relationships by influencing DOC composition
(Tfaily and others 2018), as certain C compounds
are likely to coprecipitate with or be released by Fe
(Riedel and others 2013, 2014). Our results
demonstrate that temperature and moisture can be
used to predict Fe(III) reduction rates in peatlands,
highlighting that these factors should be included
in ecosystem models for this biome (Shi and others
2015). Finally, we note that even in these fre-
quently flooded systems, Fe was not necessarily
reduced simply because water levels were high;
temperature was key in controlling the Fe oxida-
tion state.
Broader Implications for Peatland Carbon
Dynamics
We showed that Fe redox cycling is a potentially
important gatekeeper of DOC and nutrients in a
mineral-poor ecosystem where DOC is an impor-
tant component of the C budget and mineral
nutrients may be strongly limiting. In peatlands,
DOC export through streams can be a large C loss.
For example, the mean TOC efflux in the S1 bog
represented 37% of mean net ecosystem produc-
tion and was similar to CH4 efflux (Griffiths and
others 2017). This percentage is not uncommon, as
peatlands in Canada, Sweden, Scotland, and Ire-
land also had TOC or DOC effluxes ranging from 24
to 37% of net ecosystem exchange (Roulet and
others 2007; Nilsson and others 2008; Dinsmore
and others 2010; Koehler and others 2011). Not
only can Fe redox cycling influence DOC export,
but it is sensitive to changes in temperature and
moisture expected with global change. If warmer
temperatures increase Fe(III) reduction, an even
larger percentage of NEP could be lost as TOC. We
found that Fe(III)-bound C averaged 270 g C m-2,
much greater than the annual TOC efflux of 14.2 g
C m-2 y-1 from the S1 bog (Griffiths and others
2017). Therefore, variation in Fe(III)-bound C is
large enough, in principle, to impact DOC efflux
over decadal scales. In addition to influencing DOC
efflux through stream export, Fe(III) reduction can
also directly or indirectly catalyze decomposition to
CO2 and CH4 (Chen and others 2020), and likely
contributes to increased emissions of these gases
from warmed peatlands (Hanson and others 2020a;
Hopple and others 2020). Even in ecosystems such
as our study bogs, which are largely devoid of
minerals, redox-active metals may play key and
underappreciated roles in mediating ecosystem
processes.
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